ABSTRACT: Recently, it was shown that lasing from epitaxial Ge quantum dots (QDs) on Si substrates can be obtained if they are partially amorphized by Ge ion bombardment (GIB).
T he use of light instead of electrical current as a means of interconnect in Si-based microelectronics will allow for a drastic reduction in heat waste and energy consumption. A number of optical components 1−3 such as waveguides, detectors, 4 and modulators 5 are nowadays produced compatible with Si integration technology. Within Si photonics research, the optical component that certainly was and still is most difficult to obtain is a laser that can be integrated monolithically with standard Si technology for at room temperature operation. Over the past few years, progress has been made, including lasing from III−V quantum dots (QD) bonded to, 6 or grown 7 on Si, utilizing Ge virtual substrates. Meanwhile, the growth of III−V QD lasers on Si has been demonstrated, 8, 9 as well as GeSn lasers on Ge that operate at cryogenic temperatures. 10 However, both device types require the growth of several micrometer-thick epilayers. These are necessary to accommodate the misfit strain between the deposited materials and the underlying Si substrate that contains the CMOS layers.
In a recent publication, we provided strong evidence that Ge quantum dots (QDs) bombarded with Ge ions (GIB) and embedded in a crystalline Si matrix can be used as a gain material for an all-group-IV nanostructure laser operating in the 1.3 μm telecommunication band. 11 Microdisk resonators containing such GIB-QDs exhibit threshold behavior as well as a superlinear increase of the integrated PL intensity (I PL ) concomitant with line-width narrowing as the optical pump power (P exc ) increases. 11 This monolithic solution to the longawaited missing component of Si photonics marks a major step toward optoelectronics integration on Si for high-performance optical communication and computing applications.
In contrast to conventional SiGe nanostructures, 12 the GIBQDs show dramatically shortened carrier lifetimes down to about 0.6 ns as well as negligible thermal quenching of the photoluminescence (PL) signal up to room temperature (RT) and above. 11 The activation energies (E A ) for thermal quenching were found to be about 350 meV. 11 With increasing P exc , the onset of the GIB-QD-related PL shifts significantly to higher energies. 11 Also, we found a power law of the integrated PL of the form I PL (P exc ) ∼ P exc m with m = 1. 11 The short carrier lifetimes, a power coefficient of m = 1, and efficient PL at RT and above are strong indicators of optically direct electron− hole recombination in GIB-QDs.
Self-organized, crystalline Ge-on-Si QDs were first fabricated in 1990 13, 14 but never matched expectations with respect to their optical properties, mainly because Si and Ge are indirectbandgap semiconductors. Moreover, electrons and holes are also spatially separated in these type-II heterostructures because only the holes are confined within the QDs, whereas electrons are only weakly (typically ∼60 meV) bound by strain fields in the Si surrounding the QDs. 12,15−17 Thus, at temperatures around ∼100−200 K electrons can thermally escape from the strain-induced potentials, leading to quenching of the PL signal. In contrast, GIB-QDs still show pronounced PL at RT and above. 11 The large E A for thermal PL quenching we found in GIBQDs 11 implies that not only holes are strongly confined within the GIB-QDs, as in the case of fully crystalline Ge-on-Si QDs, but that also electrons are highly localized within the GIB-QDs with activation energies of more than 300 meV. 11 The findings in ref 11 suggest that the PL-response of the GIB-QDs results from direct optical transitions in a heterosystem that is indirect both in real and in k-space. As yet, a full understanding of the involved microscopic mechanisms is missing. Such an understanding, in turn, is pivotal to optimize the growth conditions of the GIB-QDs and to investigate their influence on the optical properties in order to further enhance their PL yield.
In this work, we analyze the effect of Ge-ion bombardment on Ge QDs in a Si matrix and derive an energy level scheme that is consistent with all the observed PL properties. For this purpose, we performed sequences of Monte Carlo (MC) quench-and-anneal steps to identify the equilibrium defect structure remaining after GIB and subsequent annealing. Density functional theory was then applied to extract the electron-and hole-wave functions and the energy levels of the extended defect structure. PL experiments performed on GIBQDs grown and annealed under a wide range of experimental conditions corroborate the results of the simulations.
For the simulations of the defect structure of GIB-QDs, we consider the geometry and the GIB creation procedure as described in ref 11 (Figure 1) . A single Ge layer was grown at a temperature of 500°C with a coverage of 7.3 Å. The resulting Ge QDs are of hut shape with a height of about 2−3 nm bounded by {105}-facets with an inclination angle of 11.3°with respect to the Si(001) substrates 14 (see TOC graphics). During QD growth, a very low dose of ∼10 4 Ge ions per μm 2 is accelerated toward the substrate by an adjustable substrate bias V GIB in the range of 0 to −2.8 keV. This bombardment leads just to one or two hits per QD causing amorphized zones that contain one extra Ge atom (Figure 1a) . During the subsequent growth of a 70 nm thick Si capping layer at temperatures ranging from 300 to 600°C, the topmost part of the GIB-QDs recrystallizes laterally via solid-phase epitaxial regrowth (SPER), 18 which then allows for overgrowth with fully crystalline Si (Figure 1b) .
To simulate the equilibrium configuration of such a defect region with a single surplus Ge atom, we carried out a sequence of MC quench-and-anneal steps on an amorphous structure with one atom in excess of that for a perfect crystal of the same domain size. For this purpose, a 64-atom cell, composed of a rectangular grid of 2 × 2 × 2 conventional cells (Figure 2a ), was joined with a region of the same volume containing 65 randomly placed atoms. Periodic boundary conditions were enforced on all sides, and an extensive series of MC quenchand-anneal steps was then carried out using the bond-switching method of Wooten, Winer, and Weaire, 19 that has been successfully applied to nanocrystalline silicon before. 20, 21 The simulation showed an increasing crystallized fraction with the amorphous remnant eventually shrinking to approximately 45 atoms. The geometry was then relaxed using the Quantum Espresso DFT package 22 with exchange and correlation effects accounted within the generalized gradient approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE) 23 and normconserving pseudopotentials. The calculations were done spinrestricted, employed a 2 × 2 × 2 k-point grid with 528 electron bands, and had an energy cutoff of 100 Ry. The geometry optimization resulted in the extended defect structure, shown in Figure 2b . This defect is known as a split-[110] interstitial, 24 and it has previously been identified as having the lowest interstitial formation energy in crystalline Ge. 25, 26 Significantly, this core defect is surrounded by a neighborhood of gradually displaced atoms (Figures 2c and d) .
This remnant of the originally amorphized region causes the lowest conduction band (CB) to be shifted downward so that 
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Letter the gap is reduced by 72 meV. The next three CBs states above it are shifted below the original CB as well. Note that DFT results usually underestimate the energies of the band gaps (here 0.34 eV) but does so with a rigid, downward "scissors" shift of the conduction bands that accurately predicts their relative values.
Of particular interest is that the band just above the CB edge (CB+1 band) is localized at the defect at its Γ-point. This is the most physically accurate k-point in the dispersion curve since it is not influenced by replicas of the defect that are implied by periodic boundary conditions. Furthermore, the domain size is sufficiently large that the associated band structure should be quite flat in any case, and a spatially localized Kohn−Sham orbital at the Γ-point accurately portrays the tendency of electrons with this energy to be bound at the defect.
A cross section of this electronic orbital is overlaid onto the defect structure in Figure 2e . The defect also introduces a parasitic hole state 92 meV above the crystalline Ge valence band (VB) (see orange dashed line in Figure 3b , and its electron density cross section is shown in Figure 2f ). Future temperature-dependent PL investigations at emission wavelengths longer than 1600 nm will be employed to study the activation and deactivation of this level. This should clarify whether at RT this hole-state can be filled with an electron and thus would hardly contribute as a recombination level for the electrons in the upper level.
The split-[110] self-interstitial with a surrounding lattice distortion zone has structural properties very similar to the extended point defects in ref 27 . In this reference, Cowern et al. investigated a defect system in Ge crystals in which N+1 atoms are present in a volume where N atoms would create a defectfree crystal lattice. The energy of such a systemincluding entropydisplays two distinct minima: one for N = 1, i.e., a self-interstitial with dangling bonds (DB), and another one for N ≈ 45 atoms where in the extended point defect the bonds can be rearranged reducing the energy lost by dangling bonds at the expense of bond distortions. For 1 < N < 45 the volume cannot reconfigure the bonds in an efficient way leading to an activation barrier between the two minima. For much higher N the single additional atom only negligibly contributes to the total energy, and thus, amorphization increases the energy of the system as compared to a crystalline lattice. 27 In the case of our GIB-QDs, the initially amorphized volume certainly consist of much more than 45 atoms. Thus, the energetic minimum configuration of the extended point defect will only be obtained upon recrystallization. For our situation, we interpret the defect structure in ref 27 as a split-[110] self-interstitial surrounded by a distorted lattice.
Based on this defect structure ( Figure 2 and Figure 3a ) and the associated energy levels from the DFT calculations, we suggest in Figure 3b an energy level scheme that is consistent with the observed experimental observations on GIB-QDs in ref 11 . One should keep in mind that the observed 11 (Figures 1b and 3a) . 18 As these electrons are Γ-point states in reciprocal space they can undergo direct optical transitions by recombining with holes that are also confined at the GIB-QD (Figure 3b) . Excitation of an ensemble of GIBQDs with different sizes as well as filling of the different defect induced levels leads to the observed broad range of transition energies (green and blue arrows in Figure 3b ).
11 Thermal quenching will be observed if either holes escape from the GIBQDs, or electrons at the defect site overcome an activation energy of E A ≈ 350 meV. 11 In the following, we will determine the role of the thermal budget during GIB-QD formation. In Figures 1 and 3a, we indicated that the growth temperatures should have strong influence on whether we deal with an amorphous Ge core or the aforementioned minimum energy defect configuration. Immediate quenching of the temperature after Ge deposition under Ge ion bombardment will favor an amorphous cluster (Figure 1b) , whereas high capping layer growth temperatures or postgrowth sample annealing will lead to the single defect (Figure 3a) .
To investigate the influence of the thermal budget during growth and of the implantation depths of the excess Ge ion during GIB, we performed PL experiments on a series of ∼20 GIB-QD samples grown under identical growth conditions except for one parameter that was systematically varied. The first seven samples were annealed in situ after growth of the Si capping layer for 2 h at T ann ranging from 500 to 675°C. For six samples, we employed variations of V GIB from 0 to −2.8 kV, and for another six samples we varied T Cap from 300 to 600°C. Finally, hydrogen passivation experiments were performed on four samples, annealed and as-grown by using a low-energy (100 eV) Kaufman source. The samples were held at 300°C to enhance H diffusion during irradiation. The hydrogen irradiation dose was 10 18 ions/cm 2 . For the PL experiments, 
Letter we used an excitation diode laser operated at 442 nm and a microscope objective with a numerical aperture of 0.7 which is used both for laser focusing and for collecting the PL signal from the sample. The laser spot diameter on the sample was ∼2 μm. The signal is dispersed by a grating spectrometer and recorded by a nitrogen-cooled InGaAs line detector. All measurements were performed at RT. Figure 4a shows PL spectra of GIB-QDs before and after thermal annealing. Annealing at T ann = 500°C has virtually no effect on the PL, as compared to the as-grown reference sample. At T ann of 550 and 600°C, the PL yield is increased (Figure 4a , a finding which we attribute to improved recrystallization of the initially amorphized region (see Figure 1b) toward the energetic minimum configuration of the extended split-[110] self-interstitial (see Figures 2 and 3a) . The simultaneous shift of λ PL to higher energies can be attributed to enhanced intermixing between the small GIB-QDs and the surrounding Si matrix at elevated substrate temperatures. 28 For T ann > 600°C, I PL quenches exponentially. We fitted this decay according to
were I 0 is the integrated PL-intensity of the as-grown sample, A is a scaling coefficient, k B is the Boltzmann constant, and E D is an activation energy for diffusion of the defect. The fit results in E D = 3.33 eV, which is in excellent agreement with the activation energies obtained by Cowern et al. 27 for the migration of extended point defects. Due to the large defect structure, E D is significantly larger than the activation energy for the migration of a single self-interstitial which is about 0.42− 1.45 eV. 29−31 In the next experiment, we determined the optimum Ge ion energy for amorphization of our Ge QDs of ∼2 nm height. Figure 4b shows PL spectra recorded on from GIB-QDs with Ge ion acceleration voltages V GIB ranging from 0 to −2.8 kV.
The maximum PL yield is observed around V GIB ≈ −1.75 kV. Without GIB (V GIB = 0) no QD PL is observed at room temperature, in agreement with previous results from undisturbed Ge QDs. 12,15−17 If the ion energy becomes too high, the depth of the amorphous zone will exceed the height of the QDs. If this is the case, the implanted excess Ge ion becomes located in the Si substrate, and therefore the split-[110] self-interstitial cannot be formed in the QD. Consequently, I PL drops for too high V GIB . In general, the exact value of V GIB is not crucial (Figure  4b , as long as the projected range of the implanted Ge ions lies within the QDs.
In Figure 4c the influence of the growth temperature T cap of the Si capping layer on the PL emission intensity is investigated. The PL yield reaches a maximum for T cap ≈ 475°C . For T cap ≤ 400°C, the I PL decreases, because the lower thermal budget prevents efficient surface recrystallization due to SPER. 18 Thus, undisturbed growth of the Si capping layer on top of the samples is hampered, leading to enhanced nonradiative recombination channels in the sample. If T cap is too high (> ≈550°C), the extended point defect has sufficient 
Letter thermal budget to migrate out of the QD 28 which causes PL quenching.
It is shown in ref 32 that Ge dangling bonds (DBs) exhibit different electronic properties when compared to DBs in Si. DBs in Ge create states below the VB edge that are negatively charged. Thus, interstitial hydrogen cannot efficiently passivate DB defects, and electrons will not be localized at DB sites. 32 Consequently, upon hydrogen passivation of our samples, we do not expect a quenching of I PL in GIB-QDs. Indeed, as can be seen in Figure 4d , I PL actually increases after H implantation. This can be explained by the presence of residual crystalline defects induced by GIB in the Si substrate that, in turn, can be cured by H passivation as found in other QD material systems. 33 This consequently reduces the number of nonradiative recombination channels in the system and therefore increases I PL . In turn, this finding shows that H-irradiation can be a valuable means to increase the emission efficiency of GIBQDs and hence to enhance the optoelectronic properties of these nanostructures.
Thus, far, we have established that the role of Γ-point electrons localized at the split [110]-self-interstitial defects is of major importance with respect to the extraordinary PL properties of GIB-QDs. To elucidate the role of the holes, we go back to the energy level diagram presented in Figure 3b and the DFT results of Figure 2 . Evidently, the hole ground state is located in the crystalline part of the QD. To emphasize the importance of hole-confinement in the QD, we have fabricated for comparison quantum well (QW) samples where either 0.5 nm of Ge or 1 nm of Si 0.3 Ge 0.7 were grown with the same GIB treatment as the QD samples.
In contrast to the GIB-QD PL, though, the GIB-QW PL is almost completely suppressed as can be seen in Figure 5 . While the holes are efficiently trapped in the GIB-QDs, in the GIB-QW samples (or in Ge bulk samples), the holes can diffuse away from the extended split-[110] self-interstitial into the region between two such defects, as schematically depicted in Figure 5 by the blue arrow. The charge carrier separation reduces the overlap of the electron and hole wave function and thus the transition matrix element for optical transitions. Thus, quantum dots are a necessary precondition for direct optical transitions in Si/Ge heterostructures treated by Ge ion bombardment. 11 In contrast, enhanced PL yields can neither be observed in GIB treated quantum well structures ( Figure 5 ), nor in bulk Ge, where the split-[110]-self-interstitial interstitial is known for a long time. 24−26 In summary, we attribute the strong and temperature-stable PL of GIB-QD samples to the formation of split-[110]-selfinterstitials surrounded by local lattice distortions after Ge ion bombardment and subsequent annealing. Such GIB-QDs have already shown outstanding optical properties. 11 The split-[110]-self-interstitial leads to highly localized electron states around the Γ-point deep in the band gap of the Ge QD, allowing for direct radiative recombination channels within the Ge quantum dots, which would be indirect in both real and reciprocal space without Ge ion bombardment. The DFT calculation results are corroborated by several series of experiments in which the influence of various growth parameters was investigated. The experimental results will also allow for further improvement of the PL yield in this new and promising nanostructure system. Hence, GIB-QDs have the potential to affect the developments of future integrated technology for data communication by opening a route toward all-group IV lasers that can be monolithically integrated with standard Si technology. 
Funding
The work was supported by the Austrian Science Fund (FWF): J3328-N19 and P29137-N36.
Notes
The authors declare no competing financial interest.
■ ACKNOWLEDGMENTS
The authors gratefully thank G. Springholz for the allowance to use and modify the STM image of a Ge hut cluster for the table of contents graphic and G. Bauer and A. Rastelli for support. The work was supported by the Austrian Science Fund (FWF): J3328-N19 and P29137-N36.
■ ABBREVIATIONS GIB-QDs, Ge ion bombarded quantum dots; V GIB , Ge ion acceleration voltage; T cap , Si capping layer growth temperature; T ann , sample annealing temperature; I PL , integrated photoluminescence intensity; λ PL , photoluminescence emission wavelength; CB, conduction band; VB, valence band; E A , activation energy; PL, photoluminescence; MBE, molecular beam epitaxy; RT, room temperature; DFT, density functional theory; SPER, solid phase epitaxial regrowth ■ REFERENCES . RT PL signals of GIB-QDs (gray) and two different GIBQWs (green and red). Only the GIB QDs show strong PL enhancement. Inserts: Schematic views of GIB-QDs (right) versus a GIB-QW (lower left) and a GIB-bulk samples. Holes (blue H) are confined in the GIB-QDs and thus overlap strongly with electrons trapped at the defect-sites (red dots). In contrast, holes in a QW of in bulk Ge can diffuse away from the two point defects (blue arrow), thus reducing the electron−hole wave function overlap.
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